Many physical experiments have shown that the domain switching in a ferroelectric material is a complicated evolution process of the domain wall with the variation of stress and electric field. According to this mechanism, the volume fraction of the domain switching is introduced in the constitutive law of ferroelectric ceramic and used to study the nonlinear constitutive behavior of ferroelectric body in this paper. The principle of stationary total energy is put forward in which the basic unknown quantities are the displacement u i , electric displacement D i and volume fraction ρ I of the domain switching for the variant I . Mechanical field equation and a new domain switching criterion are obtained from the principle of stationary total energy. The domain switching criterion proposed in this paper is an expansion and development of the energy criterion. On the basis of the domain switching criterion, a set of linear algebraic equations for the volume fraction ρ I of domain switching is obtained, in which the coefficients of the linear algebraic equations only contain the unknown strain and electric fields. Then a single domain mechanical model is proposed in this paper. The poled ferroelectric specimen is considered as a transversely isotropic single domain. By using the partial experimental results, the hardening relation between the driving force of domain switching and the volume fraction of domain switching can be calibrated. Then the electromechanical response can be calculated on the basis of the calibrated hardening relation. The results involve the electric butterfly shaped curves of axial strain versus axial electric field, the hysteresis loops
Introduction
Ferroelectric ceramics are used in many electric components such as sensors, actuators and transducers owing to their coupled electromechanical character. And as the core device of smart structures they are used in aerospace, precise instruments, automatic control and micro electromechanical system and so on. When the applied electric field closes to or exceeds the coercive electric field, the classical linear piezoelectricity theory is not suitable. There have been extensive research efforts in the field of constitutive modeling and numerical simulation of the behavior of ferroelectric ceramics.
Many theories were proposed to explain the nonlinear behavior of the ferroelectric ceramics. The different types of constitutive models for the ferroelectric ceramics can be classified into two groups. One group is on the basis of the micro-electro-mechanical behavior of grains and the second on the macro phenomenological model.
Early a micro-electro-mechanical model was proposed by Hwang et al. [1] . They established the energy criterion of the domain switching using the energy difference before and after the domain switching, Chen et al. [3] introduced the volume fraction of various kinds of domains as internal variables describing the pattern of the internal rearrangement resulting from the domain switching and studied the nonlinear behavior of polycrystalline ferroelectrics. Huo and Jiang [4] considered that every crystal had different kinds of domains and that the mass fractions of the various domains were the internal variables, so the average polarization of each crystal could be expressed as the linear function of the mass fraction and the domain switching corresponds to changes of the volume fraction of domains. Huber et al. [5] developed the ferroelectric constitutive model on the basis of the domain wall motion that is similar to the crystal slip. They thought that there were several variants in a tetragonal crystal and the volume fraction of each variant was c I . They used a selfconsistent analysis to estimate the macroscopic response of tetragonal crystals under a variety of loading paths. Huber and Fleck [6, 7] improved this model. The micro-electromechanical models described some aspects of the behavior of ferroelectric ceramics [8] [9] [10] [11] . Micro-electro-mechanical model reflects the physical essence of the nonlinear behavior of the ferroelectric material. But in order to make the calculation accuracy, those methods require thousands of crystallite grains. Hence the finite element simulations cost too much computation time and are not efficient.
On the other hand, instead of micro-electro-mechanical based constitutive model the phenomenological models with fewer internal variables are developed. Chen and his collaborators [12] [13] [14] proposed the phenomenological model to describe the coupled electromechanical characters of ferroelectric materials. They used the remanent polarization and remanent strain as the internal variables and they only considered the uniaxial loading. Another attempt to study the nonlinear constitutive behavior of the ferroelectric materials was made by Bassiouny and Maugin [15, 16] . They presented a thermodynamical phenomenological theory to describe the constitutive behavior of the ferroelectric ceramics. The theory considers both the plastic and electrichysteresis effects in the form of "plasticity". A simple macroscopic constitutive model with remanent polarization and remanent strain as internal variables was developed by Kamlah and his coworkers [17] [18] [19] . The model can be used to study the fully coupled electromechanical boundary value problem. A phenomenological theory was also presented by Cocks and McMeeking [20] . The model is established in the framework of traditional incremental plasticity. Landis [21] introduced nine internal variables corresponding to the components of remanent strain and remanent polarization to match all of the types of behaviors of ferroelectric ceramics in uniaxial loading. A simplified formulation with fewer internal variables is derived by McMeeking and Landis [22] . In the model only three internal variables are employed by linking the remanent strain to the remanent polarization. Due to this simplicity the switching criterion can be expressed by a modified electric field variable and the kinematic hardening potential can be given as a function of the remanent polarization. A detailed review on recent advances in the nonlinear constitutive modeling of ferroelectric material was given by Landis [23] . So far all the phenomenological theories predicted well for the uniaxial mechanical loading and the uniaxial electric loading. But there are some deviations between the theoretic prediction and experimental results under uniaxial combined electromechanical loading.
Constitutive law and energy principle

The volume fraction of domain switching
The physical experiments given by Miller and Weinreich [24] and Hayashi [25] showed that the domain switching in the ferroelectric ceramics was a complicated process. It was composed by four stages: nucleation, longitudinal growth, transverse expansion and merging of new domains [26] . Hence the domain switching in each single domain is an evolution process of the domain wall motion.
Following Hwang et al. [8] , Chen and Lynch [10], Kamlah [18] and McMeeking and Landis [22] , the ferroelectric ceramic is assumed to be isotropic elastic and isotropic dielectric for simplicity. But the piezoelectric coefficient d ki j will be changed due to the domain switching. Firstly consider the domain switch only in one direction. Suppose the material element is a single domain zone before switching. The spontaneous polarization, the spontaneous strain and piezoelectricity coefficient are D 
